Kirker KR, James GA. In vitro studies evaluating the effects of biofilms on wound-healing cells: a review. APMIS 2017; 125: 344-352. Chronic wounds are characterized as wounds that have failed to proceed through the well-orchestrated healing process and have remained open for months to years. Open wounds are at risk for colonization by opportunistic pathogens. Bacteria that colonize the open wound bed form surface-attached, multicellular communities called biofilms, and chronic wound biofilms can contain a diverse microbiota. Investigators are just beginning to elucidate the role of biofilms in chronic wound pathogenesis, and have simplified the complex wound environment using in vitro models to obtain a fundamental understanding of the impact of biofilms on wound-healing cell types. The intent of this review is to describe current in vitro methodologies and their results. Investigations started with one host cell-type and single species biofilms and demonstrated that biofilms, or their secretions, had deleterious effects on wound-healing cells. More complex systems involved the use of multiple host cell/tissue types and single species biofilms. Using human skinequivalent tissues, investigators demonstrated that a number of different species can grow on the tissue and elicit an inflammatory response from the tissue. A full understanding of how biofilms impact wound-healing cells and host tissues will have a profound effect on how chronic wounds are treated.
The process of normal cutaneous wound healing is a complex and orderly sequence of events that involves a variety of cell types and subcellular signals. When describing the wound-healing process it is often divided into a number of different phases. In general, the process of normal wound healing is divided into three dynamic and overlapping stages: inflammation, tissue formation, and tissue remodeling (1) . The inflammatory phase begins immediately after the initial injury. The clotting process not only reestablishes hemostasis but also releases several chemotactic factors attracting neutrophils and monocytes into the wound bed and provides a provisional matrix for the infiltrating cells. The influx of neutrophils and monocytes help to decontaminate and debride the wounded tissue. The infiltrating white blood cells also secrete a cocktail of growth factors that have both autocrine and paracrine effects (1) . The tissue formation phase includes re-epithelialization, granulation, and angiogenesis. During re-epithelialization, keratinocytes from residual epithelial structures migrate, proliferate, and differentiate to reestablish the epidermis. The granulation stage consists of the rebuilding of the underlying tissue. Fibroblasts construct new extracellular matrix tissue, and during angiogenesis, new blood vessels are made to carry oxygen and nutrients necessary to sustain tissue viability. Finally during tissue remodeling the wound contracts and the dermal matrix is gradually transformed from one that is primarily fibronectin, to one composed primarily collagen type III, and finally to one composed primarily collagen type I (1) . All phases of the healing process involve the participation of multiple cell types, cytokines, chemokines, enzymes, and proteins.
Chronic wounds are wounds that have failed to proceed through the well-orchestrated process described above. Wounds are often stalled in the inflammatory phase (2) . Chronic wounds have been characterized to contain elevated pro-inflammatory cytokines, high protease levels, excessive neutrophils (3) , and senescent cells that fail to respond to reparative stimuli (2) . Chronic wounds are rarely found healthy patients (4) . Rather, chronic wound patients suffer from health issues including diabetes, venous insufficiency, or obesity (3, 4) , and the main types of chronic wounds are diabetic foot ulcers, venous ulcers, pressure ulcers, and surgical nonhealing wounds. These wounds can remain open for months to years.
Open wounds leave the wound bed at risk for colonization by opportunistic pathogens (5-7). The wound bed provides a surface for growth; poor blood flow and hypoxia discourage native defenses (8) , creating an ideal environment for bacterial growth. Bacteria that colonize the open wound bed form surface-attached, multicellular communities called biofilms. Biofilms are microbial aggregates surrounded by a self-produced extracellular polysaccharide matrix (EPS). In one study, histological analysis of clinical samples wounds found that 60% of chronic wound specimens were characterized as containing bacterial biofilms compared to 6% of acute wound specimens (9) . Using animal models, studies have shown that wounds inoculated with bacteria form biofilms (10, 11) and wounds with a biofilm demonstrate delayed healing (12, 13) . Furthermore, when clinical chronic wound microbiota were transferred to wounded mice, the mouse wounds became chronic (14) . Finally, clinical chronic wounds treated with a biofilm-based wound care strategy demonstrated improved healing compared to a previously published study with no biofilm-based strategy (7) .
Chronic wound biofilms are characterized as supporting a diverse microbial flora. In a literature review from 62 published studies dating between 1969 and 1997, the most predominant wound isolate in both chronic and acute wounds was Staphylococcus aureus (reported in 63% of the studies), followed by coliforms (45%), Bacteroides spp. (39%), Peptostreptococcus spp. (36%), Pseudomonas aeruginosa (29%), Enterococcus spp. (26%), and Streptococcus pyogenes (13%) (15) . Dowd et al. (16) demonstrated vast bacterial diversity within chronic wounds using molecular methods. The most prevalent species included Staphylococcus, Pseudomonas, Peptoniphilus, Enterobacter, Stenotrophomonas, Finegoldia, and Serratia spp. Finally, molecular analysis of chronic wounds of 2963 patients found similarity in the number of distinct bacterial species across each chronic wound type, and that the peak number of different species per wound was between two and five species (17) .
Despite the prevalence of biofilms in wounds, and their apparent contribution to wound chronicity, investigators are just beginning to elucidate the role of biofilms in chronic wound pathogenesis. Investigators have had to simplify the complex wound environment and the intent of this review is to describe current in vitro methods used to elucidate the fundamental effects of biofilms on the cell types involved in wound healing. This review is divided into three sections, investigations exploring the effects of biofilms on (1) the epidermis and its main cell type, the keratinocyte, (2) the dermis and its main cell type, the fibroblast, and (3) the skin structure as a whole using skin substitutelike matrices.
EPIDERMAL INVESTIGATIONS
Keratinocytes are the major cell type of the epidermis. When a wound occurs, basal keratinocytes from the wound edges or dermal appendages migrate to cover the open wound. Behind the actively migrating cells, keratinocytes at the wound margins begin to proliferate. As re-epithelialization ensues, basement membrane proteins reappear on to which keratinocytes attach to reestablish the basement membrane. The keratinocytes then begin to differentiate upward, regenerating the epidermis. Re-epithelialization is complete when an organized, stratified, squamous epithelium covers the wound, and epidermal function is restored. Chronic wounds are characterized by the failure to re-epithelialize.
To explore the effects of biofilm on keratinocytes, Kirker et al. (18) developed a novel coculture model. Biofilms were grown from methicillin-resistant Staphylococcus aureus (MRSA) that was isolated from a clinical chronic wound. The biofilms were grown on tissue culture inserts and then placed in culture with a monolayer of primary human keratinocytes (HK) (Fig. 1) . Although the biofilm and the primary HK were not in contact with each other, the presence of the biofilm prevented scratch closure in the in vitro wound-healing assay. The authors went on to demonstrate that the biofilm did not need to be present to produce the same results (18) . The same result was obtained using biofilm-conditioned medium (BCM). BCM was produced by culturing the insert-supported biofilm in tissue culture medium, collecting that medium and giving it to a separate culture of HK (Fig. 2) . Primary HK exposed to BCM also did not demonstrate in vitro scratch closure. Finally Kirker et al., illustrated that the secreted products from biofilm S. aureus and planktonic S. aureus had different effects on HK. Using BCM and planktonicconditioned medium (PCM) and normalizing for CFU counts, it was determined that both solutions prevented in vitro scratch closer and reduced the viability of the keratinocyte culture. However, the morphological responses to the two solutions were different and only the BCM caused HK apoptosis (18) . It is important to note that in these studies the HK were subjected to medium conditioned by an equivalent number of bacteria. Thus, the differing effects were a result of different bacterial phenotypes and not a different number of bacteria. This was the first investigation to describe the effect of bacterial biofilms on HK (Fig. 3) . The reduction in primary HK viability (19) , proliferation (20) , and migration (20) due to BCM and PCM was later confirmed by other investigators using different strains of S. aureus. BCM-induced apoptosis was also demonstrated in another primary HK investigation (20) and in the HaCaT cell line (21) , which is an immortalized keratinocyte cell line. Only the study by Secor et al. used the same S. aureus isolate as the original investigation by Kirker et al., yet comparable results were obtained using multiple S. aureus strains. Although, it should be noted that none of the subsequent investigations made note of the bacterial cell counts in their PCM and BCM methodologies, and differences between BCM and PCM due to cell density cannot be ruled out.
Investigations have also been conducted using BCM and PCM derived from Pseudomonas aeruginosa (20) . Planktonic and biofilm cultures of P. aeruginosa, isolated from a clinical sample of canine otitis externa, were grown, collected, filtered, and freeze-dried. The resulting freeze-dried conditioned media was resuspended in cell culture medium and used in proliferation and migration assays at a 5 or 10% concentration. The investigators found that P. aeruginosa PCM had no significant effect on primary HK proliferation compared to controls, but BCM did (20) . The authors also found that P. aeruginosa PCM seemed to stimulate primary HK migration, while the BCM was too toxic for the assay to be completed (20) . These results suggested that BCM and PCM from P. aeruginosa have differential effects on primary HK, similar to previous reports from S. aureus. Unfortunately, the bacterial cell counts for BCM were not reported, nor did the authors normalize to bacterial cell counts to ensure that the primary HK were exposed to the bacterial products from an equivalent number of cells in the BCM or PCM conditions. Therefore, differences due to cell density were possible.
Wound keratinocytes are also a source of growth factors and chemokines during the wound-healing process (22) . Using BCM and PCM methodologies, Secor et al. (21) found that S. aureus biofilms also significantly affect keratinocyte cytokine production. Using ELISA to detect cytokine production after 4 h of BCM exposure, the authors found the IL-1b, IL-6, TNF-a, CXCL-8, and CXCL-1 were all produced at significantly higher levels than both control and PCM-exposed HaCaT cells. There was no significant difference between groups for GM-CSF production. However, after 24 h of exposure, the PCM-exposed cell produced higher levels of all cytokines, except TNF-a.
Using primary HK, Tankersley et al. (19) performed a similar investigation. They examined the production of IL-1, IL-6, IL-8, TNF-a, and CXCL-2 after both 4 and 8 h of exposure to either S. aureus BCM or PCM. The authors found that IL-6, TNF-a, and CXCL-2 production were significantly higher in the BCM-exposed cells compared to both PCM-exposed and control cells. This trend continued at 8 h where the cytokine production was even higher, and IL-8 was also significantly higher in the BCM group (19) .
Both groups also examined the effects of BCM and PCM on primary HK gene expression using microarray analysis. After 4 h of exposure to BCM, Secor et al. found that the genes related to responses to bacteria, apoptosis immune response and inflammation, and signal transduction were all upregulated. Genes associated with chromatin modification, transcription, and metabolism were all downregulated (21) . The most significantly upregulated genes in BCM-exposed HaCaT cells compared to PCM-exposed cells were FOS, EGR1, CXCL8/ IL-8, and CXCL2. The FOS gene proteins have been implicated as regulators of cell proliferation, differentiation, transformation, and apoptosis (23). The protein encoded by the EGR1 gene functions as a transcriptional regulator required for differentiation and mitogenesis (23). The proteins associated with both CXCL8 and CXCL2 are pro-inflammatory chemokines (23).
After only 2 h of exposure, Tankersley et al. found that an upregulation is genes associated with inflammation, apoptosis, growth, and proliferation. The most significantly upregulated genes in BCM-exposed cells compared to control cells were CXCL2, CXCL8/IL-8, DUSP1, and FOS. The DUSP1 gene may be involved in the negative regulation of cell proliferation as well as the cellular response to stress (23). Both investigations demonstrated that keratinocytes, both primary and the HaCaT cell line, have a prompt inflammatory response to BCM.
Another method of examining the effects of biofilms on keratinocytes is to grow biofilms directly on whole epithelial structures. For example, Lone et al. (24) examined the growth of S. aureus biofilms on partial-thickness epidermal explants. Epidermal explants from porcine ears were harvested, cleaned, and cut into 12-mm disks. The disks were place in tissue culture inserts for culturing. The disks were then inoculated with 500-800 colony-forming units (CFU) of S. aureus and allowed to grow for 4-7 days. Microscopic evaluation found that bacterial biofilms readily formed around hair follicles and their associated interstices (24) . The authors also found that all epidermal cell layers displayed some cellular damage, although only the surface of the epithelium was inoculated and that biofilm was only visible in the stratum corneum layers (24) . Basal cells were vacuolated and their nuclei were often shrunken or absent, which indicated cellular damage and death. The authors also examined dissolved oxygen concentrations in the tissue and found that the areas with biofilm were depleted of dissolved oxygen. Finally, examining the explant medium, the authors found that colonized explants produced significantly more antioxidants and caspase-14, than non-colonized explants (24) .
The Leiden epidermal model (LEM) involves isolating primary keratinocytes, expanding them in culture, then using the culture to make a stratified epithelium. Briefly, the keratinocytes are seeded on to tissue culture inserts and cultured for a few days. Afterwards, the apical medium is removed, leaving the keratinocytes air-exposed and only the basal side in contact with the medium. The air exposure allows for the stratification of the epidermal layers. The LEM was used to study both Acinetobacter (25) and S. aureus (26) colonization and biofilm formation on epithelial structures. Both Acinetobacter baumannii and A. junii grew and formed biofilms on the stratum corneum of the LEM, but did not penetrate into the lower levels of the epidermal structure (25) . Interestingly, the authors found that the presence of the biofilm did not affect the production of several keratin proteins. Both mRNA and protein expression of keratin 16 (K16), a marker for keratinocyte activation or stress, Ki67, a marker for keratinocyte proliferation, and K10, a marker for early keratinocyte differentiation, in inoculated LEMs were similar to those found in non-inoculated LEMs (25) . The mRNA and protein levels of proinflammatory cytokines TNF-a, IL-1a, IL-1b, IL-6, and IL-8 were also assessed, and only IL-8 at the 72 h time point was found to have significantly higher expression in the A. baumannii-inoculated LEMs, suggesting a mild inflammatory response. Finally, the authors examined the effect of treating an A. baumannii biofilm-containing LEM with 0.5% chlorhexidine solution in 70% ethanol. The treatment resulted in undetectable levels of A. baumannii on the surface of the LEM, and did not appear to affect epidermal morphology (25) . den Reijer et al. found that when LEMs are inoculated with S. aureus only three out of five strains tested formed biofilms. The biofilms remained only in the stratum corneum layer and did not seem to penetrate the lower epithelial structure.
DERMAL INVESTIGATIONS
The dermis of the skin lies directly below the epidermis. It is composed of dense irregular connective tissue, mainly collagen type I, and is mostly acellular. However, dermal fibroblasts play a pivotal role in the wound-healing process (27) . Shortly after wounding, fibroblasts migrate into the provisional matrix and proliferate, initiating the repair phase of wound healing. They synthesize growth factors and extracellular matrix (ECM) molecules, including collagen, fibronectin, and hyaluronan, which form wound granulation tissue and provide structural integrity to the wound (27) . During the remodeling phase, dermal fibroblasts synthesize ECM proteins and also matrix metalloproteinases, which degrade the matrix (28) .
To explore the effects of biofilms on the dermal fibroblasts, Kirker et al., (29) used their BCM/ PCM model with primary human dermal fibroblasts (HF). The authors found that the soluble products produced by both planktonic and biofilm MRSA elicited similar detrimental effects on HF migration, viability, morphology, and both equally induced apoptosis (Fig. 3) . However, there were differences between BCM and PCM when monitoring the HF production of cytokines, growth factors, and proteases (29) . PCM was found to induce significantly more IL-6, IL-8, TGF-b1, HB-EGF, VEGF, MMP-1, and MMP-3 production than BCM. However, BCM induced significantly more TNF-a production than PCM. In general, the molecules produced by both BCM and PCM were significantly higher than controls, with one exception. The level of MMP-3 production from BCMexposed fibroblasts was significantly lower than the controls, suggesting that MMP-3 production was suppressed by BCM (29) .
The BCM model has also been used to evaluate the effect of interventions on the interactions between HF and S. aureus (30) . Staphylococcus aureus biofilms were grown for 3 days in the drip flow reactor. Afterward, the biofilms were treated with 2-aminoimidazole-based compound in cell culture medium for 24 h. The medium was then collected and used in HF assays as BCM. HF cultures treated BCM with the test compound remained viable and completed scratch closure compared to BCM without the test compound (30) . This investigation illustrated the use of the BCM method to test biofilm treatments and their effects on wound-healing cells.
Lone et al. (31) investigated the effects of growing S. aureus biofilms on explanted dermal tissues. Dermal explants from porcine ears were harvested, cleaned, and cut into 12-mm disks. The disks were place in tissue culture inserts for culturing. The disks were then inoculated with 500-800 colonyforming units (CFU) of S. aureus and allowed to grow for 4-7 days. Scanning electron microscopy revealed that biofilms were present in patches across the surface of the explant by day 4 and by day 7 these patches had coalesced (31) . Histological examination of the explants revealed no evidence that the biofilm had penetrated deeper into the dermal tissue, but also showed that the dermal cells in the S. aureus-infected explants lacked a nucleus, suggesting cell death. The presence of the biofilm also depleted the dissolved oxygen content and raised the pH throughout the explant (31) . Comparing the spent medium from infected and noninfected explants the authors found a number of porcine-origin proteins that had accumulated differentially. Of note, programmed-cell-death protein 5, multiple cytoskeletal proteins, and proinflammatory cytokines were found in higher amounts in the spent media from infected explants (31) .
There have also been investigations involving the growth of biofilms in dermal-like environments. For example, Werth en et al. (32) grew S. aureus and P. aeruginosa biofilms in a collagen gel matrix containing serum proteins. The goal of this investigation was to grow biofilms in dermal matrix material to mimic a chronic wound bed. Unfortunately, no wound-healing cells were used in this model, so the effect of the biofilm on their viability or function could not be assessed. However, the investigation demonstrated how common wound colonizers can grow, replicate, develop aggregates, and produce EPS in a three-dimensional wound bed-like environment (32) .
SKIN-EQUIVALENT INVESTIGATIONS
Perhaps the most appropriate in vitro model would be one that involves both the epidermal and dermal tissues. Human skin equivalents (HSE) are composed of a stratified squamous epithelium grown on top of a dermal matrix that contains dermal fibroblasts. These three dimensional structures have in vivo-like attributes, including morphology, cell division, and protein expression. There are a number of commercially available products (33) and there are published protocols for laboratory fabrication of HSEs (34-36).
Holland et al. (37) demonstrated microbial colonization on HSEs fabricated in cell culture inserts. Adult human dermal fibroblasts were grown in a fibrin gel in the bottom of a cell culture insert, creating a dermal matrix. After multiple days of culture, primary human keratinocytes were seeded on top of the dermal matrix. Once the keratinocytes were confluent, the constructs were raised to the air/liquid interface to encourage epidermal differentiation (37) . After the preparation of the HSE, the models were separately inoculated with S. epidermidis, Propionibacterium acnes, Malaseszia furfur, or S. aureus. Growth of all species on the HSE was supported for up to 72-120 h with recovery densities 2-5 logs higher than their inocula. Interestingly, the authors found that growth periods of >72 h for S. aureus resulted in 'surface damage' to the HSE (37) . Unfortunately, there were no further characterizations of the 'damage' except to attribute it to 'the activities of S. aureus'. No 'surface damage' was noted with the other species tested.
Holland et al. (38) went on to investigate gene expression of the HSE when colonized with either S. epidermidis or S. aureus. HSE were inoculated with either S. epidermidis or S. aureus and allowed to grow for 24 h. Microarray analysis demonstrated that HSEs colonized by S. epidermidis, there were only a few transcripts that were significantly increased (12) or decreased (35) compared to noncolonized controls (38) . However, for HSE colonized with S. aureus many transcripts were significantly increased (480) or decreased (397) compared to non-colonized controls. There was significant gene upregulation in many skin defense factors Toll-like receptor 2, b defensin 4, properdin, and PTX3. Proinflammatory cytokines such as TNF-a, IL-1 a, IL-1 b, IL-17C, IL-20, IL-23A and chemokines such as IL-8, CCL4, CCL5, CCL20, and CCL27 were also upregulated (38) .
Charles et al. (39) used the commercial product, Graftskin, to microscopically explore biofilm development on HSEs. Graftskin is produced by Organogenesis, and is an HSE using neonatal allogenic fibroblasts grown in a type I bovine collagen matrix with an overlying cornified epidermal layer of neonatal allogeneic keratinocytes. [Graftskin is sold under the name Apligraf TM (40) ]. Full thickness wounds were created on Graftskin specimens and inoculated with either P. aeruginosa or S. aureus and incubated at 35°C. At selected time points the samples were fixed for histologic visualization. The authors noted that after 5 h of incubation, biofilms had formed on specimens inoculated with S. aureus, and by 10-h biofilms had formed on specimens inoculated with P. aeruginosa (39) . By 24 h, biofilms, of either species, were adherent to epidermal aspect of the Graftskin, along the wound bed and adjacent to the wound. The biofilms demonstrated both cellularity and EPS production (39).
Haisma et al. (41) used HSE to model a thermal wound infection. In this study, the HSE was fabricated using similar techniques to those described by Holland et al., except the dermal component was made with collagen instead of fibrin. After HSE fabrication and characterization, the models were thermally wounded with a liquid nitrogen-cooled device. The thermally wounded HSEs were characterized again to demonstrate that the wounding process resulted in a reproducible wound characterized by a dead epidermis that detached from the dermis followed by re-epithelization (41) . The thermally wounded HSEs were inoculated with MRSA for 1 h after which the non-adherent bacteria were aspirated away. The remaining bacteria were allowed to grow for 24-48 h. After 24 h, the authors observed an increase in bacteria by several log and MRSA invasion of the HSEs with the bacteria mainly residing between the dermal and epidermal compartment. There were also small colonies on the stratum corneum (41).
Haisma et al. (41) also used ELISAs and qPCR to detect inflammatory and antimicrobial markers produced by the HSEs in response to both thermal and MRSA exposure. MRSA exposure significantly enhanced the expression of IL-6 and IL-8 by thermally wounded and control (non-thermally wounded) HSEs. Additionally, mRNA analysis revealed the IL-1b, Toll-like receptor 2 were increased in MRSA-exposed and/or thermally wounded HSEs. The antimicrobial peptides human b-defensin-2,-3 and RNAse 7 had increased mRNA expression and protein expression for thermally wounded and/or MRSA exposed HSEs. However, the presence of MRSA on the thermally wounded tissues did not significantly increase the expression of markers compared to thermally wounded HSEs without bacteria present (41) . Finally, the authors used the HSE model to explore the efficacy of antibiotics against MRSA colonization in the thermally wounded HSEs. HSEs were exposed to MRSA for 24 h after which 100 lg of mupirocin was added topically and allowed to sit for 24 h. Mupriocin significantly reduced viable bacteria counts on the HSEs without affecting their epidermal structure (41) .
CONCLUSIONS
The methods and models summarized herein have tried to simplify the incredibly complex milieu of the chronic wound to elucidate how bacterial biofilms contribute to wound chronicity. Investigations started with one host cell-type and single species biofilms and demonstrated that biofilms, or their secretions, had deleterious effects on wound-healing cells. For example, S. aureus biofilms were detrimental to both keratinocyte and fibroblast migration, proliferation, and viability. Staphylococcus aureus biofilms elicited a strong inflammatory response from both keratinocytes and fibroblasts, and had damaging effects on epidermal structures. Staphylococcus aureus biofilms flourished in dermal matrices, while also depleting oxygen from the environment. P. aeruginosa biofilms also impacted keratinocyte migration and proliferation, coalesced and adhered to epidermal structures, and multiplied in dermal matrices.
More complex systems involved the use of multiple host cell/tissue types and single species biofilms. Using HSEs, investigators demonstrated that a number of different species can grow on the HSE and elicit an inflammatory response from the tissue in the form of cytokine production. Perhaps the next step in model development will be to test multi-species biofilms with either one host cell-type or an HSE-type construct. Another option for model development would be to include immune cells in the host tissue component.
Chronic wounds impart enormous costs to the health care system. The treatment of chronic, diabetic foot ulcers is a major socioeconomic burden with an estimated $58 billion annually in medical costs (42) . Furthermore, it is projected that 48.3 million Americans will have diabetes by 2050 (43) , and 14-24% of diabetics can expect to undergo limb amputation within their lifetime as the result of a chronic, non-healing wound (44) . A full understanding of how biofilms impact wound-healing cells and host tissues will have a profound effect on how chronic wounds are treated, on the development of antibiofilm strategies, and on patient lives.
